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SUMMARY

Although Minitrack observations are only aocurate to sbout 1 minute of arc,
accurate orblts have been obtained for a number of satellites., This is due to
the excellent global ooverage of the NA3A Minitrack network, The accuracy
obtained for enc: tricity ia typloally about 10-5, anl comparable values ere
obtained for the other orbital elements,

The main source of observational error is thought to be inadequate correc=-
tion for ionoapherio refraotion. Apparent error arises through deficiencies in
the orbital model, namely, inadequate representation of satellite perturbations
due to the Earth's tesseral harmonios and to atmospherio drag.

This paper was presented at a Royal Society Discussion Meeting on Orbital
Analysis, 17-18 Ootober 1966,

Departmental Reference: Space 178
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1 INTRCDUCTION

Radio trecking of' eatellites has an advantage over radar tracking, in that
power requirements ere much lees, and an advantage over optical observation, in
that conditions of light and darkness are irrelevant. The main disadvantage, in
comparison with the other two sources of cbservations, is that the.z must be a
transmitter on board the saéellita.

Two possible techniques exist for extracting cbeervational dat. from radic
tracking. They may be euwployed simultaneously but this is not normal. The first
technique -~ measuring range rate by the Doppler principle = has teen described by
Newtoﬂt The alternetive is to measure direction cosines by the interferometry

principle; this is the Minitrack techniqua.

Though the French have eet up two Minitrack stations, and ESRC are setting
up another, the only data so far seen at R.A.E. are from the STADAN network of

NASA. Thie, presently, consists of a dozen stations as shown in Fig.i.

2 THE MTVITRACK FRINCIPLE

If two aerials are set at the ends of a baseline, an observed satellite
will, in general, te nearer to one than to the other. Thz two received signals
interfere and the difference in phase gives a direct measurement of the direction
cosine of the satellite relative to the baseline. Four aerials, two on a north-
scuth baseline and two on an east-west baseline, will give two direction cosines -

that is, 2 complete specification of direction.

In fact, however, a typical Minitrack station?"5 hes 13 aerials. Tha fou
aerial system is duplicated: one system, the 'equatorial system', is much more
electrically sensitive in the north=-scuth direction than in the east-west
direction; for the other system, the 'polar system', the reverse is true. In
addition, the main baselines, being 55 wavelengths (about 120 1) long, lead to
vhase ambiguities. These ambiguities are resolved by supplementing the two 'fine'
systems by 'medium' and 'coarse' systems, requiring five further aerials. 8ince

these aerials are isotropic they serve both the polar and the equatorial systems.

Before a satellite pass, the equatorial or polar system is selected,
according vo the expectod ground=-track. This is equivalent to erscting a
detection fence through which the satellite, on average, takes about 30 seconds
to pass. The NS and EV, fine, medium and coerse interferometers itake 150 measure-
ments of phase difference during this time; thess are recordsd on paper tape and
transmitted to NASA (Goddard Space Flight Center).




The raw data from all the stations are prooessed bty NASA and reduced to two
obsesvations, ebout 15 seconds apart, for esach station/pass. Correcticas for
ionospherio refraction are incorporated at this stage. The resulting lsta, from
all satellites ourrently tracked, are distributed to intersted parties, inolud-
ing R.A.E,, every fow wecks,

3 ORBIT NETERMINATION

Naturally, NASA analv.,e their own data for all satellites tracked. Even
when they are not themselves interested in a partiouler orbit they must do this
to provide tracking prediotions, Though orbital elements may be obtained from
NASA, they are not formally published, Sinoce 1963 they live been derived by
using the arbital theory of Brouwer16. This means, effeotively, that they are
derived from a double averaging of osoulating elements: first with respect to
mean anomaly to remove shart-periodio (Jz) perturbations, and seoonl with respect
to argument of periges, ®, to romove lumg-periodio perturbations; long-periodio
terms sre removed on the agsumption that they are oorposed of terms in sin w,

cos w, sln 20 eto,; terms in Jep J, and J_ are aooourited for, with, until

20 "3 %y 5 -6 -6
reoently®, the following values taken: J, = 1082,19 x 10 °, J3 a =2,285 x 10 °,
JL = -2.123 x *0-6’ Js = '-0.232 X 10-6.

Orbits for four satellites have been determined at R.A.B, The theory of
l!eraonh, in whioh short-pericdio perturbations are natered Lok by use of smoothed
elenmants, is the basis of a differential oorrection programme written for the
Pegasus oonputexj « Long=pericdio perturbations are treated as if' secular; over
a period of 3 or 4 days this does not involve any notioeable loss in aoouraoy.

b ORBITS OF TIROS 7 AND ALOUETTE 1

The orbit of Tiros 7 (1963-24A) has been dstermined, during a ten-dsy
period, by Diana Soot'ts, and the crbit of Aloustte 1 (1962 Pal) during an eight-
day pericd, by Hiller!, The crbitel inolinations are, respeotively, 58° and 80°,
The small-scoentricity thecry of (:ook8 haa been used in interpreting the orbits,
and orbital elements have been oompared with values provided by FASA, The
ecoentrioity, e, was less than 0,005 for both satellites and it was decided to
analyse the Tiros orbit just after a maximum in an eooentrioity cyvole =
eocentrioity being maximum when w, the argument of perigee, was 90° - and the
Alouette' crbit arcund & minimum in the cyole, i.e. near w = 2700. Differences
between R.A.E, and NASA elements were expeoted to be largest &t escentrioity
maxima end minima,

-6

*Currently the values used are 1082,48 x 10 =, =2.56 x 10-6, -1 ,84 x 1076 am

0,06 x 10“6.




Results showed that the smell-eccentricity thecry, in which elements e and
w are replaced by e oos w and e sin w, deacribes this type of orbit much better
than the ordinary sinuscidal theory of long-periodic motion. This is illustrated
in Fige2 which shows how well the thecretical curve, drawn over a complete cycls,
fits the obuserved valuss of eccentricity for Alouette 1. A sinusoidel curve
gives cnly an approximate fit, NASA values of ecoentricity, shown over a complete
cycle of perigee, were presumably obiesined by subtracting a sinusoidal term from
the normal eccentricity, the amplitude of this term (about 0°+8 times the amplitude
cf the dashed curve in Fig.2) being given by the NASA velues of J3 end J; elready
quoted = the contribution from J5 is actually negligible. Correction cf the NASA
eccentricities on this basis, however, gives values which still appear to be
inconsistent with the theoretical behaviour.

Average accuracies (s.d.'s) for computed orbital parameters are listed
in the Table below. Figures for Ariel 2, discussec. in the next section, are
included. The param=ters n, and n, are linesr and quadratic coefficients in
the mean~motion polynowial.

Since both Tiros 7 and Alouette 1 were in virtually drag-free orbits,
Tiros 7 being at a height of 635 km and Alouette 1 at a height of 1000 km, the
very low 5.d, for semi-major axis really does provide a valid estimate of random
error for these two satellites, though it does not for Ariel 2 which is much more
at'fected by drag9. There may, however, be a systematic error as large a. 20 m,
arising from error in the assumed value (398602 ) sec-2) of the earth-mass x

gravitation constant.,

Accuracies of computed orbital elements

Tiros 7 | Alouette 1 Ariel 2

Semi-major axis, a O*kim Tm 1
Eccentricity, e 6 x 1076 14 x 1076 | 8 x 106
Inclinstion, i 0° «0006 0°-0012 00005
R.A. of node, 0 0° «0008 0°+0013 0001
*Argunent of perigee, w | 0°¢0005 0°-0012 0°+0005
Time at node, t, 20 msec 25 msec 30 mseo
ny in deg/(100 days)? 17 12
n, in deg/(10 days)? 1500

*For meaningful comparison with other eloments, the s«d.'s
of' w have been multiplied by e.




5 QRBITS (F ARIEL 1 AND ARIEL 2

The orbit of Ariel 1 (1962 01) wes the first to be determined at R.A.E. from
Minitreck data (when the computer programme was still under develojment). The
objeot in determining this orbit was to assess the acouracy that was 1liksly to be
attainable for the satellite U.,K.2 which had not then been launched. Whereas NASA
provideu the experimenters with definitive slements for Ariel 1, it wae intended
that R.A.E. should do this for U.K.2.

U.K,2 was launched on 27tk March 1964 and was then rechristened Arisl 2
(1964=154). The orbital inclination is 51°+6; initial perigee and apogee heighte
wers 285 km and 1360 km. The orbit was determined evary 13 days (at 25 node
intervals, to be exact) for a pericd of 12 wonths; satellite poasition can te
oomputed, using the elements listed in Ref.9, for any instant duwring this period,
with the errcr never exoeeding a lm or so. Average ee.G.'s have been listed in
the Ta»)ls above; inclination is determined so accwrately (%o about 0°+0005 in s.d.)
that the change in i over a year has been used by King-Hele and Mias Scottw ina
stuiy of the rotation ¢f the upper atmosphere, even though this change was much
smaller (about 0°+005) than the correspoading change for satellites in lowsr
orbits. The emplitude of the oscillation in the sinusoidal componsiuit of the
eccentricity variation has been used by King-i'ele et al", in conjunetion with
date from other satellites, to obtain values for the earth's odd zonal harmonics,
J3» Jgs etc. The rate of change of f has been used, similarly, by Smith'? in an

eveluation of the sven harmonica.

A plot of eccentricity over 12 months is given in Fig.3. The weekly values
of NASA are also plotted; the long=pericdic oscillation, of amplitude 0°0C1, has
clearly been remcveds On restoring this oscillation, the carrected values of NASA
lie on the R.A.E. surve, It is useful to remove the secular trend and part of the
oscillation from the eccentrioity, in order to exhibit ite behaviour on a ten-
times-larger scale. Fig.4, shows the result; values are repreeented by lines of
length 2 e.d.'s, the average value of an e.d. being 0-00001,

6 AN UNEXPLAINED DISCREPANCY

To give the Ariel 2 experimenters their requeated accuracy - satelllite
position to % km whenever poesible ~ it was found neceasary to remove an apparent
along-track error in satellite computed poeition. This error was sinusoidal,
with amplitude 650 m and period just under half a day. It was diagnosed as due
to the effect of certain of the tesseral harmonics of the Earth's gravitational
field; due in fact to those coefficients Jn,m for whichm = 2 and n (a m) is even,




Now approximate values of J J6 2 and J8 o are available: They
Ed »

N
2,2 +2
have been computed by fitting to observed perturbations for a number of
satellites, though not for any with orbits detsrmined from Minitrack observations.
‘these values predict an along-track oecillation for Ariel 2, of the period
observed tut of amplitude only half that observed. Expressing the alang-track
oscillation &s & time error in fact (where 7% km is equivalent to 1 s), the
13
° e ! of J2’2, J4,2’ J6,2 and
J8 5 should be respectively 0°+051, 0 *017, 0" +004 and 03+002, giving (allowing

2
for the difterent phases) a total of 05-051. The observed amplitude, however,

ig 6°+088, as shom in Fig.5.

amplitudes contributed by Guier and Newton's values

Thus tnere is a discrepancy of which the explanation is not known. The

Guier-Newton value of J, ,
&l

Allan and Piggcﬂ;t“+ using resulte from the synchronous satellites Synaom 2 snd

has bsen confirmed, to within a few per czent, by

Syncom 3, and it wculd be inconceivable that this velus should be wrong by a
fictor of nearly 2. It is interesting to note, hcwever, that il we do make

this assumption, the obeerved aleong-track wscillation is obtained not only for
Ariel 2 but also for the satellite Ogo 2 (1965-31A) on which scme preliminary
analysis, using Minitrack cbservations, has been dome., The orbital inclination
of this satellite is very different {(87°+4) so that the effects of J2’2, Jh,Z etc.
should combine differently for the two satellites.

Severel possible explanations have been suggested, but each has had to be
re jected. The most likely is still that the true velues of Jh,2’
are much bigger then those in Ref.13, The author is not aware of any other
perturbation which would be of the right period, viz %/(6 - ), where 6 is the

sidereal time and 0 is the right ascension of the satellite node; for Ariel 2

36,2’ etc.,

it is known very accurately that the observed perturbation has this period,

since the orbit has teen analysed for a full year.

v ACCURACY OF MINITRACK CBSERVATTONS

Although the quantities observed by the Minitrack stations are direction
cosines, these are ccnverted (in R.A.E. analysis) into azimuth and elevation
tefore use. The differential correction programme works on the assumption that
the errors in all) observations are random, uncorrelated and normally distributed:
furthermore, that cos E x o(&) = o(8) = 1', where A and £ denote azimuth and
elevation; time errors are ignored. The standard deviaticn assigned (1 minute
of arc) is & round figure based on experience. At the end of every complete
orbit determination an a-posteriori estimate of accuracy iz computed anl
ircluded, as a factor, in the estimated standard deviatioss of the orbital

elements. This a=posteriori estimate is normally between 1' and 2'.




The estimated instrumental acourscy of the Minitrack system, when it was
deslgned, was about 20", the unit of resolution buing about 5" (ocorreaponding te
0.36 elootrioal degree in raw phase measurement). After smoothing, the random
error should be negligible so that it is of interest to know why the a-postericri
acouraoy of an observation is as bad as it is - it is intereating to note, in
this context, that the best visual observers oan equal this performance of 1 or
2 wminutes of are,

Error arises from the fcllowing sources: phase drift, ionvapherlo refrao-
tion, station swrvey, timing; apparent error (as shown by residuals) will also
arise from defioienoies in the orbital model used in the snalysia,

Phase drift may build up to 30" over a six-month period, after whioch there
is a recalibration. Errora from ionospherio refraction are potentially much
larger than this. However, large errors are avoided by NASA who (a) oorreot fur
ionospherio refraction using I.T.S.A. (Boulder) prediotions amd (b) normally
restriot disseminated data to obaervations when the elevation is greater tnan 70°,

The atationa have recently been aurveyed relative to the Fiasoher ellipaoild
and errors in their position should not eyoeed 100 m., Tiuming - local timing, at
any rate - is thought to be good to a miliisecond or so.

Thus, of the genuine observational errors, only those due to ilonospherio
refraction are likely to be large enough to acoount for the residuals obtained.
The author would have thought that aven these, in gencral, would not be large
enovgh,

Two defiolenoies in the model must be mentioned. The first oonoerrs ihe
tesseral harmonios of the Earth's gravitational field, As has been explained,
allowance is made for en along-traok perturbation of half-day period. Apart
from this, however, the tesseral narmonios havs so far been nsgleoted., Typically
this may lesi %o residuals of 1!, or mare for olose satellites, but no pattern in
the residuals cas been deteoted, of the type whioh would indiocate that this ias
the dominant cause of (apparent) obaervational error,

The othar defloienoy oonoerns the representation of drag perturbations,
This is inevitable, unlike the aitustion for teaseral harmonio eff'eots which will
eventually be programmed, asinoe the atmosphere fluotuates from hour to hour, For
a sateilite 1ike Ariel 2, though a cubio polynomial is fitted to the mean anomaly
to represent the perturbation as far as posasible, the residual effascts oould be
large enough to acoount for the obaerved residuals, For satsllites with muoh
higher perigees, like Tiros 7 and Alouette 1, the residual drag effectr shuuld be
szall; the a-posteriori eatimate of acouraoy for these satellites is atille’7

about 1',3, however,
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8 ACCURACY USING A MINIMAL NETWORK

Since ESRO, or the U.K. if & nationel programme were contemplated, will not
normelly have access to the STADAN network, it is important to know how the
accuracy of orbit determination is affected when only two or three stetions are
providing observations. OSome accuracy assessment studies along these lines havse

been carried out at R.A.B.

Consider, as an example, the case of a polar orbit with perigee height
300 km end epogee height 1000 km, with the satellite observed oy two stations,
one in S.E. England or Belgium and the other in Southsrn Austrelis. bHerson Las

5

shown1 that at each station there should be an average of about 1 pass per day
for which the satellite reaches an elevation greater than 50°. Over three days
this would give 6 passes, i.e. 12 observations, assuning 2 per pass. For a
particular choice of longitude crossing at the central node, an scsuracy assess-
nent was made; with this choloe there was only 1 pass from the first station, but
5 for the second. Assuming an accuracy aof 1%' for the cbservations and a seven-
paraneter model, socuracies {sede's) of orbitel parameters worked out as follows:
o(a) = 4m, ole) = 10-5, o(z) = o) = 0°*0015, e olw) = 0°+001, G(to) = 80 msec
ard c(n1) = L0 deg (100 days)"z. Vith these accuracies a satellite ephemeris to
an accuracy of 1 km should normally be attainable,

As a practical example of what can bc achieved, the orbit of Ariel 2, cver
the first 33 days after launch, has been re-analysed, using obscrvations from
Vinkfield (England) and Johamnesburg only. With 12 obscrvations = all at
clavation greater than 50° = and a seven parameter model (no n2) the following
5eds's wiore obtained: o(a) = & m (largely fictitious due to drag fluctuations),
o(e) = 107, (i) = 0°+0007, &(A) = 0°:0017, e x olw) = 0°+0007, ot ) = S msec
and 0(n1) = 12 deg (100 dqys)-z. Estimated ephemeris errors were less than 7 km,
though it i3 thought that errors would be larger than this due to biases in the

observations.

As an excrcise in vwhat is probably the ultimate in reducing the retwork,
the examples just quoted was repeated, with 7 observations, fi1om Johannesburg

only, using o six=parameter model (neither n, nor n2). The f'cllowing were thse

1
seds's: o(a) = 17m, o(e) = 10"", (i) = 0°:005, c(Q) = 0°+003, e x o(w) = 0%+005

and U(to) = 0*14 sec. Estimated erhemeris errors rose to 4 lm.

This last exanple is somewhat exceptional, as will i»w be secn. There
are two complementary requirements in order that orbital anelysis shall yield
good orbital parameters, The first is good coverage in time. Here there is

usually no difficulty. To obtain a good value of umean motion (equivalent to

e g p——
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semi-major axis) it is desirable lo lave iwo passes 33 days apart, say, with the
same pert of the orbit observed during each pess. (& third pass, half way between,
will allow & value of n, to be computed, etc.) For the other elements, however,

it is essential to havse a good coverage in ang) {in trus anomaly, say) and this

is the second requirement. This is rarely available from one station, but in the
example quoted Johanncsburg obscrved one south-going pass as well as a number of
north-going passes. The 7 observations used consisted, in fact, of 2 from a
north-going pass, 3 from & south-going pass 1% deys later, and then 2 from &
north-going pass 1% days after that.

9 CONCLUSIONS

Orbits of a number of satellites have Leen analysed at R.A.s., using
Minitrack data kindly supplicd by MASA. Results have been very satisfactory,
with average accuracies {s.d.) including 1077 in eccentricity and 0001 in
inelination and right ascension o the node. Thesc accuracies aore due to the
excellent global coverage of the STADAN Ninitrack network and to the fact that

radio cbservations are rnot hampcred by visibility restrictions.

The accuracy of the observaiions themgelves is disappointing. AL 1 or 2
min of arc it is no better thon : an be achleved by the best visual observers.
Errors, real or apparent, mu. be attributed to a number ef sources: inadequate
correction for ionospheric refraction, irresularities in atlmospheric drag,
incomplete representation of tessecral harmonics, phase drif't, station survey and
timing., The main sources are ‘ikely to be iie first threc of these, but it

should be possivle “o reducc thie effects, evsi of these, below the 1' level.

To obtain well-fitting orbits for the satelliite Aricl 2, it has been founrd
necessary to use an unnaturally hish value of' the tesscral harmonic J2 ~e lhe
,{.

reason for this is not yet known.
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